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Rossby wave propagation in a bounded ocean 
current 
Uwe Harlander, Werner Metz 
Zusammenfassung 
Die Ausbreitungspfade und die strukturelle Veränderung von quasi-geostrophischen 
Rossby-Wellenpaketen werden mittels der WKB-Methode untersucht. Es wird 
angenommen, daß die Wellenpakete an einem in Ost-West-Richtung verlaufenden festen 
Rand reflektiert werden können. Die Dynamik der Rossby-Wellenpakete wird auf der 
ß-Ebene aber auch auf der sogenannten o-Oberfiäche~wo auch die zweite Ableitung 
des Coriolis-Parameters eine Rolle spielt--studiert. Es wird gezeigt, daß die Wellen-
pakete unter bestimmten Umständen große Entfernungen in zonaler Richtung entlang 
der Küste zurücklegen können und damit die Strömung weit stromab beeinflussen. Die 
Wellenpakete sind dabei zwischen dem reflektierenden Rand und einer Umkehrbreite 
gefangen im Unterschied zu freien Rossbywellen in der Atmosphäre, die zwischen zwei 
Umkehrbreiten gefangen werden können. Es zeigt sich, daß der o-Term keine besonders 
wichtige Rolle für die Ausbreitung der Rossby-Wellenpakete spielt, am wichtigsten ist 
er noch bei der Dynamik von Wellen mit negativer Phasengeschwindigkeit. Es wird 
vorgeschlagen, daß ein selektiver Rossby-Wellenleiter wie er hier diskutiert wird eine 
Rolle in der Dynamik des Antarktik-Zirkumpolarstromes spielt. 
Abstract 
We study the propagation and the structural change of quasi-geostrophic Rossby wave 
packets by means of a WKB-method. Our approach involves the introduction of a rigid 
boundary, where the wave packets can be refiected elastically. We study Rossby wave 
packet dynamics at high latitudes on a modified ß-plane, where the second derivative 
of the Coriolis parameter with respect to latitude is taken into account (o-term). We 
show that under certain conditions synoptic-scale wave packets can propagate far dis-
tances along an east-west oriented "coast" and may affect the fiow far downstream of 
the source region. In contrast to free propagating Rossby wave packets ( e.g. in the 
atmosphere), which can be trapped between two turning latitudes, the wave packets 
considered here are trapped between a turning latitude and the reflecting boundary. 
lt turns out that the 6-term is most important for wave packets with negative phase 
speeds. Finally, we suggest that such a selective Rossby waveguide may play a role in 
the dynamics of the Antarctic Circumpolar Current. 
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1 Introduction 
Rossby waveguides are latitude belts where locally excited stationary Rossby wave 
packets in a zonal mean basic flow are captured between two turning latitudes and 
thus able to propagate long distances in a zonal direction. In the framework of the 
linear ray tracing theory (cf. e.g. Hoskins and Karoly, 1981, or Hoskins and Ambrizzi, 
1993, HA) in the atmosphere such waveguides are associated with local maxima (with 
respect to latitude) of the total wavenumber and turning latitudes are found where the 
zonal wavenumber equals the total wavenumber. Normally, when considering observed 
atmospheric zonally symmetric basic states ( e.g. 300 mb) any local maxima of the 
stationary wavenumber ( the total wavenumber for stationary waves) seems to be not 
pronounced enough to be able to act as a waveguide (James 1988). Therefore, the 
waveguide concept has been applied to an asymmetric environment, i.e. a basic state 
that varies also in the zonal direction although the strict validity of the linear ray theory 
is herein doubt (Karoly 1983). However, it has been shown that the concept remains a 
valuable interpretation tool in this case, too. In particular, HA, Ambrizzi et al. (1995) 
and Ambrizzi and Hoskins (1997) have integrated linear barotropic and baroclinic 
models on the sphere with a zonally asymmetric basic state and found that many of 
the preferred Rossby wave propagation paths in their model integrations tended to 
follow "local" waveguides, where the latter were defined using local values of the basic 
state. 
In this short note we shall envisage some simple variation of the Rossby waveguide 
concept, where a waveguide is confined not within two turning latitudes, but within 
one turning latitude and one reflecting wall. Clearly, such a configuration will hardly 
be relevant for the large-scale atmospheric flow, however, a natural application could 
be the flow in the southern polar ocean with Antarctica as its southern boundary. 
Rossby wave propagation in the ocean has already been studied previously; e.g. Chang 
and Philander (1989) documented the existence of an equatorial waveguide for Rossby 
waves with a zonal wavelength of about 1000 km. Also a coastal waveguide for gravity 
water waves with reflection at the coast and a turning near the coastline has been 
studied, e.g. by Craik 1985. However, the possible existence of a Rossby waveguide 
in a strong polar current with reflection at the coastline appears not to have been 
considered before. 
We shall investigate the problem by applying the simplest model appropriate for 
that purpose, namely the quasi-geostrophically scaled shallow water model of Pedlosky 
(1987) on a polar ß-plane. To achieve a more realistic approximation of the effects 
of the sphericity of the earth in high southern latitudes, we retain also the second 
order term in the Taylor series expansion of the Coriolis parameter. Such a modified 
ß-plane has been introduced by Yang (1988, 1991) who called it "ö-surface". While 
the dynamical effects of this modification is in general small for typical atmospheric 
flows, we shall show that it can become important for strong oceanic currents at high 
latitudes. 
To be more precise, we will study the propagation of oceanic Rossby wave packets on 
the modified ß-plane which is bounded to the south by a rigid wall but of infinite extend 
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in the northward and east-west directions. The equation governing our problem is the 
linearized barotropic quasi-geostrophic potential vorticity equation. To keep things as 
simple as possible we assume a basic state Ü = Ü(y). We follow then Yang (1991) in 
the application of the WKB method 1 derive equations for the wave packet path and the 
associated changes of the local wavenumbers and frequency on the modified ß-plane. 
Note, however, that the theory can be readily modified to deal also with a more general 
basic state. Using a basic state Ü = Ü(y) implies that the local frequency and zonal 
wavenumber are conserved along a ray path and makes our analysis formally similar to 
the atmospheric Rossby wave propagation studies of e.g. Hoskins and Karoly (1981) or 
Hoskins and Ambrizzi (1993). However, in contradistinction to these studies we apply 
the modified ß-plane geometry and place a rigid wall at the southern boundary of the 
integration domain. Furthermore, we shall study not only the propagation of stationary 
Rossby waves but also that of waves of non-zero frequency. Such a proceeding appears 
to be resonable in view of the fact that the mechanism that exites the Rossby wave 
packets is rather unspecified and in view of significant differences among atmospheric 
Rossby wave packets of zero, positive and negative frequencies reported recently by 
Yang and Hoskins (1996). 
For reasonable profiles of the basic fiow the placement of a rigid southern boundary 
clearly forces a Rossby waveguide along this boundary. The purpose of the present note 
is to investigate how the structure of this waveguide depends on the model parameters, 
e.g., on the ö-term or the frequency of the waves. 
The paper is organized as follows. In section 2 we first briefiy recapitulate the 
quasi-geostrophic scaling of the shallow-water equations with particular emphasis on 
the occurrence of the Ö-term. We present then the wave packet equations resulting 
from the application of the WKB method to the linearized quasi-geostrophic potential 
vorticity equation. We also discuss the boundary conditions implied by the rigid wall. 
In section 3 some Rossby wave paths are explicitely computed and the dependence of 
the waveguide on different basic states and the Ö-effect is investigated. In section 4 we 
discuss our results and drawn some conclusions. 
2 Model 
In this section we first briefiy discuss the relevance of the so-called ö-term in thc quasi-
geostrophic vorticity equation. Then we derive the wave packet equations and discuss 
finally the boundary conditions required. 
2.1 Quasi-geostrophic scaling of the shallow-water equations 
As pointed out in the introduction we are concerned with a high-latitude fiow on a 
modified ß-plane where the ß-term alone may not be suffi.cient to provide an adequate 
1 In recognition of Wenzel, Kramers and Brillouin. Sometimes also called BKW or WKBJ (by 
adding J for Jeffreys) or LG method (for Liouville and Green). For more details see the historical 
notes of Olver (1997). 
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representation of the effects of sphericity of the earth. Therefore, we retain the second 
term in the Taylor-series expansion of the Coriolis parameter on this ß-plane and write: 
(1) 
where f 0 = 2n sin J <Po J, 'Y = 1 for the northern and 'Y = -1 for the southern hemi-
sphere, respectively, ßo = 2S1/ a cos <Po, L is a length scale and y the dimensionless 
meridional coordinate. <Po is the tangential latitude of the ß-plane and the other sym-
bols have their conventional meanings. Note that (1) approximates the Coriolis param-
eter as a quadratic function of the dimensionless y-coordinate. Proceeding as in the 
classical quasi-geostrophic scaling of the shallow-water equations (Pedlosky 1987), i.e. 
using a velocity scale U and a time scale L/U the quasi-geostrophic vorticity equation 
is obtained from the O(ck)-problem after expanding the (dimensionless) variables in a 
power series in the small parameter fRi namely the Rossby number 
(2) 
Here, we focus on the Coriolis term as it occurs for example in the dimensionless zonal 
momentum equation 
ßu ( Ö 2) fR- + ... + "( + ßy - "(-y V= ... 
ßt 2 
(3) 
where the <lots represent the remaining terms in the equation which are not relevant for 
our purposes. Here, ß = ß0L / fo and ö = L2 / a2 . Clearly, ö must be of the same order as 
ß, namely of O(t::R) tobe retained in the O(ck)-problem, i.e. in the quasi-geostrophic 
vorticity equation. 
We consider here large-scale fiow systems, hence we assume that L = 106m which 
implies ö ~ 10-2 . Under usual midlatitude atmospheric conditions U = lüms-1 , 
fo = 10-4s-1 and ER = 0.1. Thus, ö is at most of O(t::~) and can be neglected. The 
same is also true for high-latitude atmospheric fiow. If, however, we assume a large-
scale high-latitude oceanic fiow with U = lms-1 then the Rossby number decreases 
to 10-2 and thus ö = 0( ER) and the ö-term should be retained. Even in this case, 
however, ß is still larger than ö but for polar regions we may assume ß = O(t:R)· 
Note that e.g. observations of the austral winter mean surface circumpolar current 
around Antarctica (Peixoto and Oort, 1992) suggest that the assumption of U = lms-1 
must not be entirely unrealistic. 
2.2 WKB solution of the quasi-geostrophic vorticity equa-
tion 
Assuming a (geostrophic) zonally symmetric basic fiow Ü that depends only on the y-
coordinate, the linearized ( dimensionless) quasi-geostrophic potential vorticity equation 
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for the perturbation streamfunction 'l/Jo is written as 
with 
- - - fJ2Ü 
B1 = FU + ß - "fÖY - -ßy2 
(4) 
(5) 
where 'l/Jo is the O(E~) streamfunction, ß = ~ = 0(1), J = €: = 0(1) and all the 
other symbols have their conventional meanings. Note that we have included in ( 4) the 
effects of an upper free surface ("Froude"-parameter F = RL2 /gD = 0(1)), where D 
is the vertical scale height. Except for the ö-term (4) is of standard form. 
We restrict our discussion to the case where Ü and B1 vary in such a way (cf. 
Appendix B) that we may apply the WKB method to the quasi-geostrophic potential 
vorticity equation (QGV). Following e.g. Yang (1991) (see Appendix A) we may write 
the equations describing the ray of propagation and the change of the local frequency 
and the local wavenumbers of a quasi-geostrophic Rossby wave packet: 
- m (6) (J Um--B1 
K2 
D9X Cgx =: DT Ü - K- 4 B1 ( n2 - m2 + F) (7) 
D9Y CgY =: DT ·- K-4 2nmB1 (8) 
D 9a 
- 0 (9) 
DT 
D9m 
- 0 (10) DT 
D9n ( ßÜ m ßB1) (11) 
DT - mßY - K 2 ßY 
with 2-
- - _y 28 u 
B1 = FU + ß - "fÖ-; - E ßY2 (12) 
where T = ä, X =EX, Y = Ey are "slow" variables with E = 0.1 (see Appendix A), 
~ := tr + C9x 0<;. + C9y at, K 2 = m 2 + n 2 + F and a, m and n denote the local 
frequency and the local wavenumbers in zonal and meridional direction, respectively. 
We consider a half plane, i.e. an in east-west and north direction infinite extended 
domain which is bounded at Y = -0.2 (dimensional y* = -2000km) by a rigid wall. 
At this latitude Rossby wave propagation is allowed in all direction except to the south. 
Hence we assume Rossby wave reflection at the southern boundary at Y = -0.2. lt is 
weil known ( e.g. Pedlosky 1987) that the energy flux vector of the Rossby wave packet 
bounces off the wall elastically, i.e., with angle of reflection equal to angle of incidence 
for the energy and wave packet trajectory. A helpful geometrical representation of 
the reflection process was introduced by Longuet-Higgins (1964) and Pedlosky (1987). 
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Table 1: Different experiments described in the text. Here Yt denotes the 
turning latitude (computed in Appendix B from q(yt) = 0), XR denotes the 
distance of two reflection points and tR denotes the time a wave packet 
needs to propagate from one reflection point to the next. 
1 1 U 1 Uo 1F1ß1 b 1m1 n(O) 1 27r/a[year] 1 Yt[km] 1 XR[km] 1 tR[day] 1 
El eq.(17) 0.5 1 5 1 2 12.08 0 900 13100 360 
E2 eq.(17) 0.5 1 5 1 2 4.5 -1 600 10200 172 
E3 eq. (18) 1 1 5 1 3 11.98 0 -1100 2500 530 
E4 eq.(18) 1 1 5 1 3 4.75 -1 -1150 1650 165 
E5 eq.(18) 1 1 5 1 3 2.85 -0.5 -1350 1480 105 
For the refl.ection at an east-west oriented boundary it can be shown that the zonal 
wavenumber is conserved, but the meridional wavenumber reverses its sign. Thus the 
following conditions for the wavenumber and group velocity changes at the boundary 
are implied: 
mr mi 
' 
(13) 
nr -ni 
' 
(14) 
C9xr C9xi 
' 
(15) 
CgYr -C9Yi (16) 
Here, "reflection" and "incidence" is indicated by "r" and "i", respectively. 
3 Results 
In this section we investigate the solution of (7)-(11) together with the boundary 
conditions (13)-(16) for different basic flow profiles and local frequencies. Thereby 
we focus on the Rossby wave propagation properties in sheared high-latitude west-
erly ocean currents where ß becomes smaller than in middle latitudes and the second 
derivative of the Coriolis parameter becomes more important. The current is assumed 
to be i) bounded at its southern side by a rigid east-west oriented boundary and ii) 
situated in the southern hemisphere (i.e. "( = -1 in (12)). 
In the experiments performed two different basic flows are used, i) a linear flow 
profile 
and ii) a jet-like basic flow profile 
Ü = Uoy + 1.02 
E 
(17) 
(18) 
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where U0 is constant. 
The order of magnitude of the different effects considered are 
ß "-' O(I) J "-' O(I) (I9) 
lt is worth to mention that the specific setting of U0 , F, ß and J of the experiments 
performed (cf. Table I) is consistent with these order of magnitudes. As shown in Tab. 
I we assumed that the ß-effect is half as strong than in middle latitudes and that the 
Ö-effect is five times smaller than the ß-effect. The use of U0 = 0.5 in experiment EI 
and E2 corresponds to a velocity gradient of Ims-1 /2000km and U0 = I in experiment 
E3, E4 and E5 corresponds to a maximal jet velocity of Ims-1 2000km north of the 
"coast". 
Note that the WKB concept for studying Rossby wave dynamics is suitable only 
for qualitative statements and does not allow for quantitative discussions, at least in 
geophysical applications. The range of validity of the WKB approximation for the 
parameters used in Tab. I is given in Appendix B. 
3.1 Critical lines and turning latitudes 
From (6) the total wavenumber for a purely zonal only y-dependent basic flow is given 
by 
K 2 2 2 B1 F u := m + n = U / - . 
-am 
(20) 
Thus, Rossby wave propagation is possible only when the total wavenumber is real. A 
critical line is defined as a region where Ku ( or q(Y) as defined in Appendix B) tends 
to infinity, i.e. where a = Üm. According to linear theory, it will take a wave packet 
an infinite time to reach a critical line, which will act as something of a "black hole" 
to Rossby wave information (James I994). When nonlinear effects are considered, too, 
Killworth and Mcintyre (1985) showed that under quite general conditions a critical 
line could absorb only a finite amount of wave activity, and so must act as a perfect 
reflector in the long time average. 
Usually, Rossby wave packets are refracted towards higher values of Ku and a 
turning latitude is approached when n = 0 and K-;, = m2 ( or q(Y) = 0 as defined in 
Appendix B), respectively (cf. Hoskins and Ambrizzi I993, Yang and Hoskins I996). 
Note that neither at the critical lines nor at the turning latitudes WKB-solutions are 
valid (cf. Appendix B). 
In Fig. I a) we plot the turning latitude as a function of the zonal wavenumber 
for experiment EI with (black line) and without the ö-term (grey line) to study the 
combined effect of the meridional shear and the ö-effect on the position of the turning 
latitude. In this most simple situation EI, long waves can propagate far to the north, 
whereas short waves are strongly trapped and hardly leave the "coast". lt can be shown 
that no turning latitude exists for waves with m < 1.5 if the ö-term is present. On the 
other hand, without the Ö-term almost all waves have a turning latitude, even if very 
far to the north (not shown). Fig. I b) shows the position of the turning latitude when 
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the jet-like basic flow profile is used (E3). Now long waves can leave the current and 
may reach regions with a very weak basic fl.ow to the north of the jet. Wave packets 
excited near the rigid boundary with zonal wavenumbers larger than three are trapped 
between the "coast" and the turning latitude, whereas waves excited to the north of the 
jet center cannot propagate far in the zonal direction since they are not trapped. As 
shown in Figs. 1 a) and b) the o-effect does not change the Situation fundamentally. 
The o-effect becomes more important when non-stationary wave packets are con-
sidered. Fig. 1 c) shows the position of the turning latitudes for waves with a period of 
0.5years and a negative phase speed (E5 of Table 1). Now the waveguide south of the 
jet center is more selective than in the stationary case, i.e. only waves in a relatively 
small wavenumber range are trapped; the o-term enhances this wavenumber selection. 
3.2 Rays of propagation 
In this section we present examples of rays of Rossby wave propagation for the different 
basic fl.ow profiles used and for different phase speeds. Note that a linear dependence 
of Ü from Y decouples the meridional wavenumber evolution from the Rossby wave 
path. Therefore (11) can be computed independenly from the actual path and thus 
can be considered as a single ordinary non-linear differential equation. In that case 
the "independence theorem", first mentioned by Yang (1991), is valid. However, only 
when a rigid ocean surface is assumed (F = 0), closed analytical solutions to (7),(8) and 
(11) can be found. Hence, we solve the equations by using a forth order Runge-Kutta 
scheme and use in all experiments a small WKB-number of E = 0.1 (see Appendix A). 
In El and E2 the parameter U0 corresponds to a shear of ~·g~~~ - a value 
observable e.g. in some regions of the ACC (Nowlin and Klinck 1986) - and m = 2 
corresponds to a zonal wavelength of 3000km. As initial conditions we always apply 
X(O) = 0 and Y(O) = -0.2 (dimensional y* = -2000km). The local frequency a 
(given in Table 1) can easily be computed from (6) when the boundary condition for 
Ü, the initial meridional wavenumber n(O) and the constant zonal wavenumber m is 
used. 
Besides stationary Rossby waves we also computed some rays of Rossby waves 
with non-zero frequency. A plausible physical mechanism for the occurrence of non-
zero frequency Rossby waves is e.g. a fl.uctuating current over an ocean ridge (Yang 
and Hoskins 1996). Note that only negative frequencies are considered although a 
"topographic wavemaker" would also cause oscillations with a positive phase speed. 
The restriction to negative frequencies is justified because for the parameters used only 
highly trapped short waves with large wavenumbers can propagate with a positive phase 
speed near the reflective wall. In Fig. 2 we plot n2 as a function of m for a = -l~~ar, 
a = -o}year' a = 1;;ar and a = o.s~~ar along the boundary at Y = -0.2. Clearly, 
Rossby wave propagation and also Rossby wave refl.ection is only possible when n 2 > 0. 
From Fig. 2 we find that for negative frequencies, waves with a relatively large zonal 
wavelength can be reflected at the rigid boundary whereas for positive frequencies only 
short Rossby waves with zonal wavenumbers in the shaded intervalls can propagate. 
138 
Furthermore, critical lines are located at the boundary for zonal wavenumber 11 (21) 
for waves with a = 1y2rar ( a = o.s~~ar). As we are only interested in !arger scale waves 
which can be reflected at the boundary and propagate !arger distances away from the 
"coast" we don't consider waves with positive phase speeds. 
The different frequencies used are given in Table 1 and correspond to periods of the 
order 0.5-1 year. In that frequency range the zonal phase speeds are comparable to the 
basic flow speeds 500km to the north of the boundary and the non-zero frequencies of 
the Rossby wave packets can be expected to influence their propagation. The associated 
zonal phase speeds are c = -0.lm s-1 in E2, c = -0.06m s-1 in E4 and c = -0.13m s-1 
in E5. 
The rays of propagation between two reflection points of the experiments EI, E2, 
E3, E4 and the associated meridional changes of the synoptic-scale Rossby wave packets 
are shown in Fig. 3 a) and b). Initially, the wave packets propagate northward and the 
meridional wavenumbers decrease, i.e., the meridional extension of the disturbances in-
crease. For small meridional wavenumbers the WKB-approximation is no longer valid 
(see Appendix B), however, when the meridional wavenumbers change their sign, the 
wave packets are at their turning points and from now on they propagate southward 
until they reach the southern boundary, where they are reflected to northern directions, 
and so forth. Thus, the gradient of the basic flow together with the defined boundary 
reflection lead to a waveguide in the current and the Rossby wave packets may prop-
agate far distances along the "coast". Such a propagation is illustrated in Fig. 4 a). 
We display 7.5 complete cycles of the wave packet "oscillation" of experiment E4. The 
wave packet propagates in a clockwise manner from left to right. At the boundary, 
the meridional wavenumber change its sign instantaniously (see Fig. 4 b)) because of 
the defined reflection condition. Therefore the structural oscillation of the packet has 
a see-saw-like character. With the parameter setting of E4 it takes about 3.4 years for 
the wave packet to travel 12500km along the rigid wall. The maximal distance of that 
path from the boundary is 850km and the distance between two reflection points is 
about 1250km. As can be seen from Fig. 3 a) (and also from Figs. 1 a), b)), wave rays 
in the linear basic flow for m = 2 have the form of large arcs, whereas in the jet-like 
current the arcs for m = 3 are less extended. Note that zonal wavenumber 2 is no 
longer trapped for the jet-like profile. However, the periods the wave packets need for 
the propagation between two reflection points are comparable for the different basic 
flow profiles considered (cf. Fig 3 b)). A summary of the characteristic features (turn-
ing latitude, distance of two reflection points, period between two reflection points) of 
the different experiments performed is given in Table 1. 
The effect of the 6'-term on the paths showed is not fundamental. But generally 
speaking, the ö-effect can be significant (cf. Yang 1991), e.g. in regions with very weak 
basic flows. This can be demonstrated if we remove the rigid wall and allow the wave 
packets to propagate freely southward in regions with almost no basic fl.ow. Therefore 
we repeated experiment E5 but without a reflecting wall. As shown in Fig. 4 c) the 
packet propagates far to the south but because of the 6'-term it is still trapped, now 
between two turning latitudes. However, significance of such a waveguide in ocean 
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currents is questionable because the situation considered is quite unrealistic. 
4 Discussion and conclusion 
In the previous sections we studied the propagation of quasi-geostrophic barotropic 
Rossby wave packets along an east-west oriented boundary situated in the southern 
part of the model domain by applying the well known WKB technique. We used a 
purely zonal and only meridional dependent basic fiow without considering topography. 
The study showed that under certain conditions synoptic scale Rossby wave packets on 
the ß-plane or the 6-surface can propagate far distances away from their source region 
in zonal directions. Essencial for the occurrence of the waveguides discussed here is a 
boundary at the southern side of the fiow where Rossby wave packets can be refiected. 
Furthermore we showed that the sphericity of the earth in polar regions can have some 
effect on the Rossby wave propagation properties in ocean currents. The sphericity 
infiuences not only the non-linear behavior of the wavenumbers in the so called WKB-
phasespace (cf. Yang 1988, 1991), it also leads to a more selective waveguide for 
non-stationary waves (cf. Fig. 1 c)) and is important for the propagation of Rossby 
waves in almost vanishing basic fiows (cf. Fig. 4 c)). 
The question arises if the Rossby waveguides discussed have some relevance for 
the "real world". Obviously, the southern part of the ACC is a region where at least 
similar conditions to the one assumed here can be found (cf. Nowlin and Klinck, 1986). 
Therefore it is suggested that synoptic scale disturbances may affect the ACC far away 
from the region where the disturbances have developed. 
Resently, Hughes (1996) discussed the occurrence of a waveguide for Rossby waves 
in the ACC of the Fine Resolution Antarctic Model (FRAM). In contrast to our study, 
he considered meso-scale Rossby waves trapped between two critical lines situated to 
the north and to the south of the jet center. Killworth and Mclntyre (1985) showed, 
that critical lines could only absorb a finite amount of wave activity, and so must act 
as a perfect refiector in the long time average. Such "refiectors" cannot be described 
with the linear WKB concept since nonlinear processes are essential. Another crucial 
difference between the waves discussed by Hughes and the waves considered here is the 
phase speed. In our case the phase speed is either zero or negative because otherwise 
large-scale zonal waves cannot propagate at the boundary and a critical line can exist 
very close ( or even northward) to the rigid wall; in that case synoptic-scale Rossby 
waves can not be refiected at the "coast", at least in the linear sense (see Fig. 2). lt 
should be mentioned that the meso-scale Rossby waves discussed by Hughes can only 
propagate in regions where the basic fiow is not to strong. For the scaling we applied 
in section 2.1 short Rossby waves cannot propagate near the jet center (see Fig. 3 b)). 
Note that the largest meridional scale of the trapped wave packets considered here 
occurs when they are closest to the maximum in the jet-like zonal fiow. lt is known 
that wave packets with a small meridional scale (large meridional wavenumber) and a 
large zonal scale (small zonal wavenumber) can easily be absorbed by the zonal fiow 
(Zeng 1979). In the situation considered here such an absorption is not very likely and 
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the disturbance may affect the fiow. Furthermore, from the equivalent wave action 
conservation equation (Bretherton and Garrett 1968), propagation of pseudomomen-
tum to a region of increasing intrinsic frequency ( u - mÜ) will be associated with an 
increase in wave energy. Therefore the wave energy is at its maximum near the turning 
latitude where Ü is relatively large. This can also be shown directly by considering 
the O(c)-problem of (4) (the so called amplitude equation) and the total wavenumber 
evolution derived from (10) and (11) (cf. Yang 1991). 
Finally we should mention that one must be careful when applying the results 
of the previous sections to "real" geophysical fiows. The WKB-method is only an 
approximation technique and the strict mathematical validity for the application of 
the theory to large scale wave packets is still in doubt (see Appendix B), even though 
it has been found by Hoskins and Karoly (1981) that the theory is qualitatively useful 
even in such situations where the WKB small number E approaches unity. 
A more complete discussion with a more realistic model which can also deal with 
a "realistic" basic fiow and coastline is postponed to a forthcoming investigation to 
study the relationship between Rossby wave packets and the observed variability of 
the ACC (Meredith et al., 1996). 
APPENDIX A 
The WKB approximation assumes a separation between "slow" and "fast" variables. 
Hence we introduce the following time and space variables: 
T =Et ' X= EX Y=Ey (21) 
with E = 0.1 and use the WKB-ansatz 
'lj;0 = 'lf;(X, Y, T, E) exp(iB(X, Y, T)/c) (22) 
where 
'lf;(X, Y, T, c) = {i;0 (X, Y, T) + E{i;1 (X, Y, T) + E2{i;2 (X, Y, T) + · · · (23) 
and further we define the local frequency and the local wavenumbers in zonal and 
meridional direction as 
ß(} ß(} ß(} 
(J' = -- m= äX n= äY äT (24) 
From this definition we have the relations 
äu äm äu ä äm än 
- -- - - -äX äT äY äT äY äX 
(25) 
Substituting (22) in ( 4) we obtain from the order 1:0 problem the dispersion relation 
(6) and by differentiating u with respect to the local wavenumbers we get (7) and (8). 
Differentiating u with respect to T, X and Y, respectively, using (25), (7) and (8), we 
find (9), (10) and (11). 
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APPENDIX B 
Usually the slow variation of the coefficients in ( 4) is considered as condition for the 
validity of the WKB-approximation. In many situations relavant in meteorology or 
oceanography this slow variation is questionable. Therfore a more careful analysis is 
necessary to decide if the WKB-solution is an accurate approximation of the exact 
solution. 
Let us use 'lj;0 = {/J(y) expi(mx - at) to transform (4) to 
d2,(/J -
dy2 - q(y)'lj; = 0 ' (26) 
where 
( ) a(m
2 
- F) - Ü(m3 +Fm)+ B1m q y = 
a-Um 
(27) 
If we try a solution of the form ,(/J ~ exp(± J q(y) 112dy) it can be found that the solution 
is accurate if the condition 
1 q(y)' 
2 1 q(y)3/2 I<< 1 (28) 
holds, i.e. q(y) must either be slowly varying, or else of large magnitude, or both (cf. 
Dingle 1973, Hoskins and Karoly 1981). However, a more accurate condition for the 
validity of the WKB-assumption can be found if we directly compare the orders of 
magnitude of two following leading terms of the WKB-expansion (cf. Holmes 1995). 
If we use the wave-ansatz and the transformation Y = Ey, where E « 1, (26) reads 
2 d2,(/J -
E dY2 - q (Y)'lj; = 0 . (29) 
Using a WKB-ansatz of the form (22) and (23) for ,(/J we find from the 0(1)-problem 
B(Y) = ± f q(Y) 112dY , (30) 
and from the O(c)-problem 
- C1 
'l/Jo(Y) = 011/2 (31) 
where c1 is an arbitrary integration constant. Assuming {/J1 (Y) = ,(/J0 (Y) W (Y) it follows 
from the 0( c2 )-problem 
(32) 
where c2 is an arbitrary constant. Now, given a small value of E, the expression in (22) 
will be an accurate approximation of the solution, if E,(/J1 (Y) « ,(/J0 (Y). Therefore, using 
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Table 2: Left hand side (LHS) of the validity expression for the different 
experiments. 
Yo Yi i LHS(33) 1 
El 0.09 0.01 -0.2 0.55 
E2 0.06 0.02 -0.2 0.58 
E3 -0.11 -0.13 -0.2 0.51 
E4 -0.115 -0.137 -0.2 0.53 
E5 -0.135 -0.148 -0.2 0.54 
(30), (31), (32), for the intervall Yo ::; Y ::; Y1 , we will have an accurate expression if 
the following holds: 
1 q(Y)' {Yi q(Y)' 
c( 1 c2 I +32 1 q(Y)3/2 loo (4+ }Yo 1 q(Y) 1 dY)) << 1 (33) 
where 1 · loo= maxYoSYSYi 1 · I · As might be expected, this shows that the WKB-
expansion becomes nonuniform as a turning point (q(yt) = 0) is approached. The Y-
component group velocity of the Rossby wave packet falls to zero at yt and wave energy 
can propagate no further in the Y-direction. A caustic forms at yt ( the meridional 
wavenumber becomes zero and the mean energy density of the wave becomes infinity) 
and elementary wave theory breaks down. A more complete analysis ( e.g. Lighthill 
1978 or Holmes 1995), but still based on linear approximation, resolves the singularity 
and founds the solution neat yt to have the form of an Airy function. The waves 
are turned back as a refiected wave-train with equal and opposite magnitude to the 
incoming one and the solution beyond yt decays rapidly to zero. 
Note that (33) can be formulated independently of the scale separation parameter 
E if (33) is written in the "fast" variable y. Hence mathematically there is no need for 
discussing the scale separation; we only need to estimate the range of validity of the 
WKB-method via (33). 
Assuming that the constant of integration does not determine the order of magni-
tude of (33) we computed the left hand side of the validity condition for the experiments 
described in section 3. The result is summarized in Table 2. Following Li and Nathan 
(1994) we assumed LHS(33) ::; 0(0.5) to be sufficient for the WKB-approximation. 
Obviously the linear basic fiow profile is the "more critical" one, i.e. the WKB-solutions 
break down in !arger distances from the turning latitude. 
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Figure 1: Turning latitude Yt(m) of experiment El (a), of experiment E3 (b) and of 
experiment E5 (c) >vith and without the ö-term. 
146 
24.0 1 
(\J 
. 20.0 • c 
Q) 
.... 
Ctl 
::i 16.0 u 
U) 
.... 
Q) 
.D 
E 12.0 
::i 
c 
Q) 
> 
Ctl 8.0 5 
-0 
·;:: 
Q) 
E 4.0 
1 • 
12.0 16.0 24.0 28.0 
zonal wavenumber m 
Figure 2: Square of the meridional wavenumber as a function of the zonal wavenumber 
along the boundary Y = -0.2 for the jet-like basic flow profile and different zonal wave 
speeds. 
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Figure 3: Different paths of Rossby wave packets (a) and corresponding meridional 
wavenumber evolution (b) between two reflection points (see Tab. 1). Initial positions 
are x(O) = 0, y(O) = -2000km. All packets move in clockwise direction (marked by 
an arrow). The boundary is located at y = -2000km. 
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Figure 4: Rossby wave packet path of E4 when 7 refiections occur at y = -2000km 
(a), corresponding meridional wavenumber evolution (b) and Rossby wave packet path 
of E5 with the rigid boundary (grey line) and without the rigid boundary (black line) 
(c). Waves are excited at x = 0, y = -2000km, circles show ll.5day time intervalls. 
